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By paying moecial attention to the -wing design 
and altitude of flight, it is possible to ensure that the 
highest temperature reached at the leading edge of the wing 
of an aircraft, in level flight at speeds of the order of the 
circling velocity, need be no more than about 1000°C. 
Formulae and charts are presented to enable tlae actual 
skin temperature close to the nose to be predicted, for 
a we .e-sLaped wing, in terms of skin thickness and 
conductivi:y. 
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Notation Used in Main Text 
L wing loading 
Lm 	 measure of L in kg/sq.m (1 kg/sq.m = 0.205 lb/sq.ft) 
Q 	 constant chosen so that Q/471 approximates to rate of heat 
transfer per unit surface area from boundary layer 
close to leading edge 
maximum p' Q with respect to flight speed (achieved for 
qi = 2 g 
3 
value of Q relative to that for flat plate moving parallel 
to itself, at same speed, and having same surface pressure 
R 	 earth's radius 
T 	 surface temperature 
TT,value of T at wing leading-edge 
T 	 maximum of T with? respect to flight speed 
max 	 (achievettfor q1  - = 2 g 
d skin thickness 
d
m 	
measure of d in ems. 
f non-dimensional temperature defined by equation (1), and 
evaluated in fig.2 
gravitational acceleration 
thermal conductivity of skin 
measure of k in cals/cm.sec. deg.C. (1 cal/cm. sec.dcg.0 
= 242 B. Th. U/ft. hr. deg. F) 
characteristic length of surface affected by conductivity, 
and defined by equation (2). 
Pa 
x
m 
e 
C. 
C- 
surface pressure on underside of wedge aerofoil, taken as 
constant, (measured in atmospheres) 
speed of flight (measured in Km,/sec.) 
distance from leading edge 
measure of x in metres 
inclination of unaersurface of wedge to direction of 
flight (positive if forward facing) 
emissivity of external surface of underside of wing 
rate of nett heat loss by radiation pe7 unit area of interior 
surfce of underside of wing --aTLI- 
Stefan's Constant ( = 5.7 x 10-8 watts/sq.m. (deg.0)4., 
= 1.73 x 10-9 B.Th.U/sq.ft.hr (deg.F)4..) 
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1. Introduction 
At speeds of flight usual for present-day aircraft it is 
well-known that due to aerodynamic heating, the wing surface of an 
aircraft - at least near its nose - reaches the "thermometer" 
temperature whose value depends only on the speed of flight. If 
the same were true at such speeds as would, for example, be involved 
in flight of satellite vehicles, the consequences would be profound, 
because the corresponding thermometer temperatures are cf the order 
of 10,000°C and more. 
	
Fortunately, it is not true, and the present 
report discusses one limit to the maximum temperature reached close 
to the wing leading-edge, in sustained level flight at such speeds, 
as imposed by the action of conduction of heat within and along the 
skin. There may well be other and indeed lower limits, but the one 
considered can be established with a fair amount of certainty, even if 
it represents an unnecessarily pessimistic view of the intensity of 
kinetic heating. 
The results we deduce arc relevant only to a wing of wedge 
section (constructed as a hollow shell with a thin skin), not because 
of any particular merit that this section may have, but because the 
boundary layer flow about it may be most easily deduced for flight 
at such extreme speeds as those we have in mind. In the same way, 
the aircraft might well not be designed as a "flying-wing" so that 
the temperature reached by the fuselage would also present a problem 
of some importance. However, as we shall show that the wing loading 
/must 
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must be low, and the wing thickness (or wedge angle) can be without 
penalty very large, it is likely that an all-wing design might after 
all be Involved. 
We first of all establish (in section 2) how we may determine 
the limit to the skin temperature, and also the rate of heat transfer 
at extreme speeds. Details of this latter determination are given 
In Appendix I, and as the flow in the boundary layer is affected by 
the intense shock wave developed by a wedge at incidence, it is necessary 
also to discuss the relevant shock wave conditions: this is done in 
Appendix II. Wc next suggest (in section 3) measures which may be 
adopted to reduce the maximum skin temperature found by these means; 
and finally, by 
	 of illustration, we calculate numerical values of 
the temperature reached by an aircraft, designed to include these 
measures, and flying at the particular speed at which kinetic heating 
effects are mast severe. This speed is incidentally shown to be equal 
circling 
to just over 8o,g, of the 
	 velocity (namely, 6.5 KM/sec.). It is 
the intention to show that particular attention to the flight plan and 
overall design can greatly simplify the problems of kinetic heating. 
Nose temperatures of no more than around 1000°C are all that need be 
involved. Downstream of the nose temperatures will of course become 
progressively smaller still, but it is not our object to determine 
anything other than a limit to the maximum values. 
/2. The 
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2. The Deduction of a Limit to Skin Temperature. 
Supposing that there arc no regions of turbulent flow, 
and that steady conditions prevail, the highest temperature will be 
reached at the nose of the body or wing surface, where the heat 
transfer is greatest. As mentioned in the introduction, in what 
follows we shall be dealing expressly with a wedge shaped wing 
(fig.la) constructed as a hollow shell. The surface pressures in 
inviscid flow over such a wing are constant on the upper, lower and 
base surfaces, and the usunl approach of boundary layer theory shags 
that at the nose, the rate of heat transfer due to kinetic heating 
is infinite, unless the local surface teuperature has the particuiar 
"thermometer" value. If this approach were indeed valid, then it 
would follow that a non-conducting skin would instantaneously heat 
up to the thermometer temperature characteristic of the flight 
condition. 
However, the argument which leads to this deduction can be 
faulted on two counts. In the first place, the rate of heat transfer 
is not likely to be infinite at the nose, and the theory which predicts 
such a singularity breaks down in this vicinity. For a start it is 
well-known that the simplified form of the Prandtl equations of 
motion and of energy, usually invoked in bouncThry layer analysis, 
are inapplicable in this region, and the full Navier Stokes equations 
are to be preferred, thoug h they have proved intractable. Quite apart 
from this, there are modifications to the usual solutions to account 
/for the 
for the self-induced pressure field of the boundary layer, and the 
proximity of the leading edge shock wave, and also to account for 
the existance of a velocity of slip and a temperature jump at the 
surface. All of these factors are known to produce effects of 
increasing importance towards the leading-edge, which might well 
determine a maximum rate of heat transfer. Whilst orders of 
magnitude of this maximum rate can be estimated by existing 
analyses, it is net considered that sufficient is known as yet 
to predict the value with any certainty. 
In what follows we shall treat the usual approximations 
to the rate of kinetic heating as valid right up to the leading-edge, 
and although this is plainly- wrong, it does err on the pessimistic 
side in providing a local over-estimate of heat flux. But even then 
it does not follow that the nose will heat up to the "thermometer 
temperature", because the second assumption we mentioned in connection 
with this deduction can also be faulted. This is that the skin is 
a non-conductor of heat, Whilst this may be an adequate assumption 
in dealing with the surface temperature distribution downstream, it 
can certainly lead to important errors in the vicinity of the nose, 
where - if the skin were really non-conducting, there would exist 
severe longitudinal temperature gradients; even in a medium of small 
conductivity these gradients would imply an appreciable longitudinal 
rate of heat flux along the skin, which weuld tend to "cool" the nose 
at the expense of the structure downstream. 
1`13 
I  k4d4  
(c 
 4-c.)(50 1 
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The problem of the action of conductivity in limiting the 
nose temperature has been discussed elsewherel . 	 The assumptions 
of this analysis are that: 
(i) The skin is of uniform thickness d, which is small compared 
with the characteristic length e of the region affected by 
conductivity (to be defined later) 
(ii) The rate of kinetic heating per unit area to the external surface 
1/2 
is Q/x 	 where x is the distance from the nose, and Q maybe 
taken as a constant over the length P. (The value of Q may be 
different on upper and lower wing surfaces). 
(iii) The exterior surface loses by radiation a nett heat flux equal 
to eoeT
4 
where o' is Stefan's constant, and T the surface 
temperature; and the interior surface suffers a nett loss of 
heat by radiation equal to cio1211- 
(iv) The interior of the shell formed by the wing skin is non-conducting. 
Then it follows that 
1/ 13  
4 
rC )03kE 	 Oj I. 	 0 
where e is the characteristic length and 
(i) 
(2) 
equal to TIE and then the relation 
1/6 
1.15 1 	 ± (8 4e 3oika 
(3) 
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These relations cam be deduced on the basis of dimensional homogeneity, 
and the function f satisfies a non-linear second-order differential 
equation. The function f is shown in fig.2, which represents the 
result of a more refined method of solution of the differential equation 
involve.? than that given in the reference work. The evaluation of 
the maximum temperature which - as will be seen from fig.2 - is 
attained at the nose (I: = 0), is possible once we have allotted 
a suitable value to the constant, Q. As the heat transfer at, or 
close to, the nose depends only on the local value of the surface 
temperature, and not on its downstream variation, it is possible to 
evaluate Q by reference to calculations of the heat transfer to 
surfaces with constant surface temperature, which fortunately is 
the condition most usually studied. This temperature is placed 
obtained by noting that f(0)= 1.15, is an implicit equation for 
TLE. 
 
At extreme flight Mach numbers it was shown in ref. 2 that 
Q is nearly independent of the surface temperature - unless it has 
improbably high values. It is only flight at extreme speeds Which 
interests us in the present discussion, so that the results of this 
reference work will be invoked. They are relevant to the laminar 
boundary layer on a surface at uniform pressure p6 moving at velocity 
qv and inclined at only a small angle of incidence to the flow, and 
they show that 
/Y1 	
m.
/2 CI /2 	 24 gi2 
 —x Kw/sq  
x 	 m 
where gi is in Km/sec., /tin atmospheres and 7
m 
in metres. This 
dimensional form of the result demands no assumption about the 
atmospheric conditions prevailing as will be clear from the analysis 
of Appendix I, which generalises the previous results so as to make 
them applicable to forward facing surfaces inclined at a finite angle 
8 to the direction of motion. We find in fact in this Appendix 
that if dissociation effects are ignored 
1/2 Q, w Q )rai2  p5  lail (m. )3/2 
where the fUnction Q(b) is shcrn in fig.3 for all angles 8 below 
that for shook wave detachment at high speeds. This is taken to be 
about 50°, which is higher than the figure usually quoted: however 
the figure used is based on an allowance for the change in the 
specific heats of air at the elevated temperatures existing behind an 
intense shock wave. The precise form of these allowances is 
detailed in Appendix II, and a comparison of the variation of Q(5) 
obtained by assuming the specific heats constant is provided in 
fig.3. In this matter :It may also be pointed out that some 
investigators have suggested that the effects of radiAtiohfraa 
Ybehiadan intense shockwave itself are such that it can be treated 
as virtually an isothermal process, in which event the corresponding 
form of the function Q (8) approximates simply to (1(8) = cos28, 
also shown in fig.3. 
It will be noticed that all these assumptions lead to 
the deduction that the heat transfer reduces with increasing 
surface deflection, 8, 	 The adopted assumptions of the present 
work suggest in fact a reduction intermediate between the others. 
This reduction over a forward facing surface may appear unreasonable 
unless it is recalled that the comparison is based on surfaces 
subjected to equal pressure (p5) . An inclined surface will only 
preserve this sar.!e pressure if the altitude of flight is higher, 
and the speed of flaw outside the boundary layer is laver. If 
the altitude were kcpt the smile, then of course the inclined surface 
would be subjected to a rnc.h higher rate of heat transfer. For all 
rearward facing surfaces, the arguments of ref. 2 remain unaffected 
and the value of c2(5) can be consequently taken as unity for 8 0. 
The above discussion was prefixed by the statements that 
there were to be no regions of turbulent flow, and that steady conditions 
prevail. Whether or not steady conditions prevail, will largely 
depend on the flight plan: in all consequent assessments we shall 
take the wing to be on an aircraft in steady level flight. But it 
must be pointed out that in most other conditions of interest, the 
rate of heat transfer at the nose is so large that steady conditions 
would at least be quickly reached in the region affected by 
conductivity. 
Again, in regard to the implied possibility that higher 
rates of kinetic heating - and with them, higher surface temperatures, 
might be reached in regions of turbulent flow, if present, it should 
be noted that over a forward facing inclined surface the flow outside 
the boundary layer has a relatively small Each Number (of order unity) 
and a very high temperature (of order M times that of the nn bient air, 
if 	 is the flight Mach NuMber). Thus, the ratio of surface to local 
static temperature is in all cases of interest small (and much less than 
unity). Almost certainly this would suggest that the rate of heat 
transfer is suffiently la/T:e to stabilise the boundary layer in all 
disturbances; research in this field3  has already deduced this to be 
true at least for two-dimensional wave tyl)e disturbances in such 
conditions, whatever the Reynolds Number of the flow. 
3. Measures for the Reduction of the Maximum Skin Temperature. 
Equations (3) and (4) above provide a basis for the calculation 
of the maximum shin temperature. Without introducing any numerical 
values, they permit us to deduce qualitatively those measures which will 
reduce its value. 
For instance, increase of skin conductivity evidently lowers 
the maximum temperature reached and this might conceivably affect the 
choice of material used, though the author is not competent to discuss 
all the issues that such. .7t measure might involve. Moreover it must be 
remembered that the conductivity of materials at elevated temperatures 
can be very different from its value at ordinary temperatures: for most 
pure metals it is lower, and for alloys higher. For example all 
steels or ferrous substances at high temperatures tend to have about 
the same conductivity, though the high alloys are poor conductors in 
other circumstances. On the other hand, it must also be recalled 
that the use of special conducting material would be necessary only 
over the length of the order . (the characteristic length defined 
by equation (2} ). In most examples of interest the numerical value 
of P is not more than a few centimetresithus the opportunity- for 
choice of material is probably wider than might at first sight appear. 
This important fact must also be remembered in many other connections. 
Evidently it also pays to make the skin thickness as large 
as possible, again over the length affected significantly by 
conductivity. However, if the skin thickness d becomes appreciable 
. compared with L we cannot expect the analysis leading to the results 
under consideration to remain valid, as this violates one of the 
simplifying assumptions of the method. This point will be returned 
to at a later stage, but the general conclusion is always valid that 
the thicker the skin, the smaller will be the temperature. 
Again the emissivity of the outer surface should be made as 
high as possible, to radiate as much heat away as possible. This is 
well-known as a desirable feature of design. It equally pays to 
radiate heat away from the inner surface, provided it is not reflected 
or radiated back to it again. Now in relation to the particular 
wing under consideration, provided the wedge angle of the wing 
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is not so large that the upper surface is forward facing, the 
pressure on this surface will be very small, and as a result so 
also will be the heat input to it by kinetic heating. Thus one 
can afford to rat1inte heat to it from the underside, which is 
suffering severe kinetic heating. All surfaces being "black" 
half of the heat emitted by the inner surface of the underside is 
returned from the facing surface, while half is radiated away from 
the outer surface of the upper side. The temperature of the upper 
/ 
side becomes W Li.,v2 	 times that of the under side, and the value 
of c. = 0.5, 
	
(If any of the surfaces are not "black", then 
6.1  <1/2. ) 	 We see from (3) that allowing a transfer of heat by 
radiation of this kind is equivalent in effect to over a threefold 
increase in thickness in alleviating the maximum temperature. In 
case it is undesirable to heat any particular part of the wing interior 
in this way, it would be a simple matter to provide it with a 
reflecting surface by 	 of insulation. 
Even greater reductions can be obtained by projecting 
the underside of the wing forward of the other so that radiation 
from. both its sides can be obtained, uninhildted by any re-emission 
and absorption (fig. lb); in this wey with black surfaces it would 
beappropriatetotakeEec.=1 	 This may not appear too 
fl 	 1 
undesirable a modification if it is again remembered that the 
projection need be only of short length, to achieve the desired effect. 
The only other measure open for us to adopt, to decrease 
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the temperature, is to decrease the rate of heat transfer from the 
boundary layer, so far as is possible. Now equation (4.) shows 
that at a fixed speed of flight this means decreasing the surface 
pressure, or increasing the lower surface inclination (5). For 
a wing of the type considered, in which the upper surface pressure 
will be small compared with that of the underside at extreme Mach 
Numbers, the lift loading will be ( p5 cos S ), whilst if the wing 
loading is L, soy, the lift loading required for level flight is 
q2 
L (I - 	 i= po cos 8 	 (5) 
R being the radius of the Garth. Hence we sue that reduction 
of surface pressure, and so of temperature, is really a matter of 
reducing the wing loading. 
Equations (4) and (5) together show that the angle of 
inclination (or incidence) of the underside may be increased with 
	
advantage provided that 1Q(5),/vg;Til 	 is thereby decreased. 
The least value of this function is probably attained for a value 
in excess of the angle 5 required for shockwave detachment; but as 
the analysis quoted is not applicable in this range, we can only 
say with assurance that increasing the altitude of flight, up to 
the highest value reconcilable with the maintainance of an attached 
shock at the wedge leading edge will reduce the rate of heat transfer, 
and so be of advantage. Such large -wing incidences as are thereby 
involved have another advantage, in that it is possible to use quite 
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large wedge angles for the wing section, without making any 
appreciable difference to the heat flux to the 'veer surface, 
which will be to all intents and purposes exposed to a near-
vacuum. 
To sum up, the measures to be adopted to reduce the 
maximum temperature are: 
(i) To provide an adequate skin thickness; 	 over a 3ength of the 
un (ii) To use a material of high conductivity; 	 derside of the order  
of the characteristic 
(iii) To proj,:et the underside forward of the upper; length, • 
(iv) To ensure that all surfaces have a good emissivity, even if 
this implies allowing the upper side of the wing to be heated 
by the underside; 
(v) To ensure 1.Lat the wedge angle of the wing is not large enough 
to cause the upper surface pressure to be appreciable compared 
with that existing over the underside; 
(v1) To allow flight to take place at an altitude at least as high 
as that compatible with the existence of an attached shock wave 
at the leading-edge; 
and 	 (vii) To design the aircraft with a small wing loading. 
14_. Some Numerical Values 
It is instructive to see how the application of the measures 
just discussed lead to relatively modest values of temperature rise 
even in the most extreme conditions of flight. 
We see in fact from relations (1.) and (5) that the heat 
transfer will be highest at the speed at which 
	
/ 	 2 \\1/2  
	
q1 , 
 (1 	 a  
-  j 
is ma:amum, i.e. at q1  = 2/3 gr.', 	 This corresponds to 
6.5 Km/sec., and might typically imply a flight linoh Nunber of 
about 20. The relative roduction . in nose temperature at other 
speeds, supposing that the altitude is adjusted to give a constant 
lift coefficient, is shown in fig.4.. 
We take the incidence as being that giving a maximum 
deflection shock at these extreme speeds, so that from (4) and (5), 
in dimensional terms, 
1/2 	 3/2 
 
= 6.05 L
m 15/4/M 	 (Lin in Kg/sq.m.) max. 
The altitude giving this rate of heat transfer will be such that 
the lift coefficient equal to 1.23 and the dynamic head is 0.271 
tines the wing loading. Thus if the ming loading were 100 Kg/sq.m 
(20.5 lb/sq.ft), the indicated air speed would be only 20 metres/sec. 
(45 m.p.h.). The relative air density would be about 10-5, implying 
a height in the region of 80 Km (50 miles). The structural advantages 
resulting from a flight path restrained to employ such law indicated 
air speeds, need no alAplification. 
Assuming the underside surface projects forward of the 
upper one, and n11 surfaces are black (so that co = e. I = 1 ), vie 
have from (6), in (3), that at this critical speed the nose 
temperature reaches its highest value of 
f 
/ 
V
n \ VI
'  
7 
- 
T max_ 624iid. 1 	 deg.C.absolute 	 (7) \ m In/ 
where Lm is in kg/sq.m as before, 1m is in oals/cm.sec. deg.C, and 
(6) 
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dm in ans. 	 An alinement chart for a rapid interpretation of 
this result is given in. fig.5. Front this one may quickly be 
persuaded that nose temperatures in this, the most extreme condition 
of flight likely to be encountered, can still be of reasonable 
proportions. Figures of around 1000°C are all that need be involved. 
Remember, too, that these figures are probably based on a pessimistic 
estimate of the heat transfer in the neighbourhood of the nose. 
One reservation must be made at this stage, however, It 
will be recalled that the above result has been obtained on the 
assumption that ( 4/e) is small. A feu specimen exact calculations 
(for a projecting lip bevelled at the nose to form a wedge, as shown 
in fig. 10) have indicated that where the value of d.,q. is about unity, 
the actual nose tenperature is higher, by nearly 15%, than that which 
would be predicted by (7). This may not sound too serious an error 
until it is realised that, to dbtain the correct answer by equation (7), 
we should have to substitute in place of dm a figure for the "effective" 
skin thickness which is only one fifth of the actual thickness. 
Greater skin thicknesses than . appear to produce little or no further 
reduction in tox.perature, so that the effective skin thickness is never 
likely to exceed1/5P, no matter haw thick the skin is made. 
In view of this is is safer in practice to use the relation 
obtained from equations (2) (3) and (6), 
0" 
max i (30 3,_ +C.)4°.k(40) L 
Bina T 	 = 1.15 I 
- 1/5 
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) 
' 1/5 L 
= 233Tz77771.7 	 deg.C.absolute 
m ---/  
which gives T 
	 in terms of an effective value of dit. rather than d. 
max 
A nomogram to interpret maximum temperatures on this basis is given 
in fig.6. The chart of fig.5 may then subsequently be used to 
determine d, and so also ‘, relevant to the initial choice of ( 
But it will be appreciated that the value of d so found is an 
"effective" thickness, and the actual skin thickness required will 
be considerably larger if the initial value of ( d/q) has been 
chosen as around 0.1. 
In many structural considerations, the temperature gradient 
and the duration of time during which severe heating occurs are of 
interest. Frem equations (1) and (2) and by references to fig.2, 
it is possible to show that the maximum temperature gradient is 
(aT 
= 0.11 
max 
and those measures which reduce the nose temperature will also reduce 
the temperature gradient.so far as the duration of the period of high 
temperature is concerned, it all depends on the flight plan. A time 
scale is suggested in flE.4 for a glide path at constant path at constant 
lift coeffiont. 
	
Once again an advantage of using a high incidence 
appears, this time in that the 14/D ratio being loz, a relatively rapid 
decelleration is achieved. 
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Conclusions  
(±) 	 The actual rate of heat transfer to the surface at the 
nose of a wedge wing may well be finite; but even if it is 
assumed to go to Infinity (like i/V7 ) as predicted by 
boundary layer theories, then the actual surface temperature 
is considerably below the thermometer temperature at the 
nose, due to conduction of heat along and within the skin. 
(ii) Equations (3) and (4) of the main text together enable 
the temperature at the nose of the wing to be estimated at 
high flight speeds 
(iii) The temperature at the nose is the maximum reached by the 
surface; higher values might be reached if turbulent flow existed, 
but this seems unlikely due to the stabilising effect of the high 
rates of heat transfer on the la minar flaw. 
(iv) An estimate is made (in Appendix I) of the rate of heat 
transfer to an inclined wedge aerofoil at extreme speeds, taking 
account of the conditions of flow behind the intense nose shock wave 
(Appendix II). If the surface pressure and speed of flight are 
kept constant, increasing the wing incidence (i.e. increasing the 
altitude of flight) serves to decrease heat transfer. 
(v) This is true at least up to incidences which would cause 
the shock wave to become detached from the nose of the wing. Due 
to the change in specific heats of air at elevated temperatures 
the maximum deflection through a shock wave may be greater than 
that usually sugFested (Appendix II). 
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(vi) Certain measures which reduce the maximum temperature 
reached by the surface (at the nose) are detailed in section 3, 
and summarised at the end of this section. 
(vii) The nose temperature will reach its highest value at J-27 aire-ing 
a speed equal to -- 3 the 	 velocity (i.e. at 6.5 Km/sec). 
The minimum temperature at other speeds of flight is shown in 
fig.14. 
(viii) For flight at this speed, charts are given in figs. 5 and 6 
to enable the maximum temperature to be determined. The 
temperatures involved need only be around about 1000°C if appropriate 
but not unreasonable measures are taken to unsure this. 
( ix) In section 4. it is noted that there is a limit to the 
reduction which can be made to the nose temperature by increasing 
the skin thickness. 
( x) The above conclusions are based on a neglect of dissociation, 
and its presence will affect both the shock wave conditions and the 
boundary layer heat transfer properties. In at least the latter 
connection there appears at the moment to be no adequate way of 
taking it into account. 
-1 9 - 
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Notation used in lippendices 
C 	 Sutherland's constant Gone T3/2/424,C) 
F 	 shear stress at wall 
F(3) 	 shear stress relative to that of uninclined plate 
with same surface pressure and moving at same speed 
H 	 enthalpy, or total heat 
q/a, local lIach number 
Q 	 heat flux to wall 
Q(6) 	 heat flux relative to that of uninclined plate with 
same surface pressure and moving at same speed 
R
x 	 (Pqx4), local Reynolds number 
(R) 
= Poaox4o 
T 	 temperature 
a 	 speed of sound 
C/T 
cf 	 Vipo 44 local skin friction coefficient 
dH/dT, specific heat at constant pressure 
cp 	 (11-H1)//(T-Ti) 
k 	 thermal conductivity 
kh 	 Q/484 local heat transfer coefficient 
molecular weight 
p 	 pressure 
q 	 gas speed 
u 	 component of gas velocity perpendicular to shock 
' 
	 parallel to shock 
mc/LI
1
c
p1 
ratio of specific heats 
8 	 angular deflection of flow through shock 
-21- 
8 max 	 maximum value of 8 with respect to * 
viscosity 
density 
o- 	 kcp/P Frandt1 number 
angle between shock wave and free stream direction 
Max 	
value of * corresponding to maximum deflection 
w 	 power index in relation pm 
Subscripts  
1w7 
	
denotes wall conditions 
denotes conditions at the outside of the boundary 
layer 
t o f 
	
denotes some stanaprd atmospheric datum, say 
I.C..k.N. sea-level. 
'l' 	 denctes conditions upstream of shock-wave 
'2' 	 denotes conditions downstream of shock-wave. 
(.N.B. In example considered of wedge shaped aerofoil, 
subscripts '8' and '2' are interchangeable). 
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APPENDIX I 
Conditions in Boundary Layer of en Inclined Plane Surface  
producing an Intense Attached Shoakwave  
Supposing that the air in the boundary layer behaves 
as a perfect gas and has constant molecular weights, Prandt1 
number and specific heats, any non-dimensional expression of 
a surface property (such as skin friction or heat transfer 
coefficient) can be expressed as a function of 
xo 	 /18 
where '81 denotes conditions outside the boundary layer, 
and also in terms of the parameters 
q8  
c T = (Y8 
P8 
_ 
c
P5k8%I T i y p C 
 -
— and w or -6-, 
118 T8 / .8  
c8) 0 
where TW is the (constant) wall temperature, and w is the 
power index in the viscosity temperature variation (p.m Tw). 
The pressure gradient is taken to be zero. 
In the boundary layer condition under consideration 
the temperature outside the boundary layer will be a quantity 
such that from (2.12) of Appendix II 
T5 12 2 2 
= 0 (E
l 
) T1 	 Ti 
As the shockwave is 'intense'
.•  if * is indefinitely large; 
we shall suppose however that Zw. remains bounded and of 
	
order Ti as 21*2 	 - which is plainly en assumption 
of reality, because surface temperatures of the order of 
the large stagnation values are of little practical interest. 
Consevently 
T
w 
-23- 
and rear, in the presence of intense shockwaves, be taken as 
zero. 
Further — will likewise be small which implies 
that no may take w = 	 (i.e. p.oc T2 as is characteristic 
of high temperatures). Also in general, the temperature 
within the boundary layer will be of the large magnitude, T5  
(except, in the limit, at infinitesimal distances fron the 
surface). Thus the specific heats and Prandtl number, which 
have an asymptotic value at elevated temperatures, can indeed 
be treated as constant across the boundary layer. 
Hence it follows that the assumptions implicit in 
the expression of the boundary layer properties at the 
beginning of this Appendix are applicable in the limiting 
2 
k2 condition i.1 * oo if vie take 
T 
T5 
	 Oy W = 	 (or c6 = 0), his =s_: 
together with the numerical values relevant to elevated 
temperatures given in ref. 2 as 
Y8 = 7  = 1.286, co = 18 = 0.782 	 ,....(1.2) 
Solutions for the 'flat plate' boundary layer, with 
precisely the values of Tw/T6 	 w and a given by (1.1) 
and (1.2), do not appear to have been worked, although 
closely corresponding solutions are known. It would not 
be inappropriate therefore to use one of the various inter-
polating expressions which have been revised. For instance, 
Young4 suggests 
-1 -(1-03)/2  / 115  
11 PO-5x 
	 (1,3) 
T 	 2 
C f 	 1 	 2 	 1 = 	 0.664 10.45+0.55 r.; 
sr 
+0.09(Y5-1)1I8 
fp8q8 
	
_ 
so that in the present example, 
-24- 
1.71 ( 19,D 
= 
.2 x (R )
8 	
112 
Similarly Crocco5 has suggested that, if we define 
- ---9-- kh _ 1 	
3 
1),5q8 
h 	 1 	 T ) -; 1,- 	 r 
= 	 ' + -,-------- 	 - 2 	 w - 
cf 	 244 i._ e(Y8-1)N; \ T8 _.1;
a.(1105) 
which simplifies in the present instance to 
= 0.52 (1,1 mt. 7091) 
c
h 
f  1:4 	 k 
or 
= W-L, ((+ 7.91)/ 
	
..1/4. 
kh 	 ( + 19'8  , 
2 x 8 	 s.1.2 / 2 j 
It is interesting to note that for large values of M2 (i.e. 
small surface inclinations - a condition for which of course 
the simplifications made above are actually inapplicable), 
equations (1.4) and (1.6) yield 
/4 
then 
c f  0,89 kh V ij„ (R ) 
O 
o x 
whereas the work of reference 2, which is strictly relevant 
to this particular condition of the uninclined flat plate at 
hypersonic speeds, yields 
1.70 	 0.86 cf =_ , kh 
8 	 o x 5  
Such a measure of agreement must be largely fortuitous; 
however it does imply that, as (1.4) and (1.6) are relevant 
to plates at finite inclinations,but also give nearly 
appropriate values for smoll inclinations, their use for all 
+ 0 (1.7) P6q8 
x 5  
0.978 
-25- 
angles of inclination, provided only that HI is large, can 
be justified. 
The values from (1.4) and (1.6) involve a knowledge 
of the local Reynolds number
x
) , based on conditions out-
side the boundary layer. It is 	 more convenient in. general 
to use a Reynolds number based on free stream conditions, or 
better still 
where suffix zero denotes some datum condition - say I.C.A.N. 
standard sea-level. Novi this parameter can only be intro-
duced if we can relate the ohanEe of p from its value (p8) 
at the large temperature T8 to its value at normal temper-
atures. To do this we assume, as in ref. 1, that there is 
no change in the molecular 
dissociation. 	 Then 
P6%1 
_ 
weight of 
we see that 
poao 	 (1 + c° 
the air, 
(116) Po 	 \Yo 
i.e. no 
1 
2 
Li6  CR )2  ,	 ,
8 
(R )2  
x 
C8 
or from (1.1) and (1.2) 
Prom (1.7) in (1.4) and (1.6) 
4 
F = 1.67 Pa) 	 + 1-221) 
	
pon0q1(1+0) 
2  
(2
x
)2-  
0 
1.8) 
n 2  
'2 
= 087 	 Llit§) , + 
P08.04(14-e 7.91) 
ri2 2 
1 
(R)2 
= el) ( 11'1) = Pflat plate 	 1 	 12  2 
F(5), say 
2 
(12)(1 + 2121) + 1221) Qflat plate 
	 ql 	 112 1.2  
Q 
Relative to an equal distance behind the loading edge of an 
uninclined plate, moving at the same speed, but having the sane 
surface pressure 
q2 The variation of — and 1J is deduced in the Appendix 
ql 
and the functions F(8) and Q(5) are plotted in fig. 6. 
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A:PENDIX II 
Conditions behind an Intense Inclined Shockwave in Air 
Let us consider the conditions behind an inclined 
shockvave, taking into account the variation of gas specific 
heats, and molecular weight. Denoting conditions upstream - 
downs-Fiecn of the shock by suffices 1 1' and '2' respectively, 
and using other symbols as explained in the list of symbols 
at the end of this Appendix and in figure 7, we have from 
P2 	 ui 
— = 	 0063063 OOOOO (261) 
p1 	
u2 
Conservation of momentum across the shock requires that 
2 
P2 +Y1 (1 - u2 1 ul 
al f 1, 2 
	 (2.2) 
and normal to it, that 
= V2 
Conservation of energy may Le expressed as 
H2 - 	 = (uT 
The perfect gas law states that 
P' P2 r T1 
P2 P1 	 r1 12 
.9..... 0066.0(203) 
(2.1.) 
(2.5) 
and is taken as being obeyed by the air,. If we define 
II,Ii1 	 II1 c r c = 
P 	 T-T1 1 	 ratcp1  
then (2.4) Can be written, from (2,5), as 
2 
1.11  IA 	 Y1 '. i P2 P1 	 1 
+  	
(II _ u2  
I  Pi P2 	 a2 	 2 r2 a1 u1  
(906) 
U2 11 2 	 u2 112 1 	 1 
( 	 Y.1 - 
V,(1 	 2 r2  
a
2 	 2 
- 
1 Y1-1) 4'1-7 Ll 1 
) (▪ 	 Y1 
u2 	 1 
uA
▪ 2 
 
▪ ue 1 
whereas from (2.1) and (2.2) 
-28- 
p2 P1 = 
171 P2 .1 
 
Ul 	 uo u2  
- 
a1 
ul lu1 
(2.7) 
Equation (2.6) and (2.7) together yield a quadratic 
which can be solved to give for u.2 ul 
If * is the inclination of the shockwave We have 
=q1 sine v/ =q1 cos ' 
where q is the spl9ed; similarly if 8 is the anglular 
deflection of the stream through the shock, 
u2 tan (4,- 8) = 
v2  
or using (2,3) 
u2 u2 tan 5 tan / ul 	 -u tLin2  vr) (2.9) 
Vie note that 
a 
u, 
- sLn2  
and in the limit as this becomes large (i.e. 11
.1 co ,* V 0) 
the shockwave becomes intense and 
U2 	 Y1 - 1  
ul 	 (2r2-1) 1-0 + o( \ 
	 (2.10) 
From this equation and (2,3) it follows that 
•••29* 
--,, 2 2 
y1 --1 2) 	
u 	
sin2t, 	 _ _ _2 = 
C 	 +cos2*][1+0( .1-) 
1 	 [
112-1)11 	 .+1 	 n.1 
	 (2.11) 
Again, from (2.6) and (2.10) 
,-- 	 1 
,2 2yi (y1-1) L(r2-1)y,-F1. 
-2 r, P2 P1 	 1 
.= --- 	 _ 	 1.12 sin 	 11+0( 1,----j.  i-a 	 ) 
2  	 1 Y1 P1 P2 
a1 	 L(2r2-1)yi+1ir 	 1 	 ., 
	 (2.12) 
so that 
2y2(y1-1) i(r2-1)y + 1 
a2 - 2 
!(2r -1)y +1 T 2 1 j 
  
 
1.11 1+0 (-1"'" 
72 2 
•"1 
• 111014.0•03.100(2 •1 3) 
 
It also follows from (2.10) that 
(i.1 -1)2+ [:(2112-1)yi+112 cot2 	 r 
.1.(2.10 
L1,0 
"2 - 	 1.0 2 2y2 (y1-1 )1 (r2-1 )1-1+1 i 
•••. OOOOOO 
Also from (2.10) and (2,2) 
(r 4.1 	
r (1 y 2 f 1+0 ,,-2 	 2e 
2 	 . 1  2 	 sin 
(2r2-1 )y1+1 	 iff 
	 (2.15) 
The relation (2.9) becomes 
21(r 1)y+1- 	 i tan lit 
tan 8 	 2 	 1 	 I 1+0 (2r2  -1)y.+1+(y1 	 L_ 
	 (2.16) 
The MX1= deflection through the shockwave is evidently 
P. 
1.-( 	 1 	 i  
romax =tan  71 / 	 1Y1+ 	 +0 	 1 
i I 
sees* ****** 3(2017) 
which is achieved when 
tar20' = tan2 f max 
(2r2.1 )y1+1 
_ (77 1+0(1- )1 (2,13) 1.1,1 
= 
-30- 
For the air upstream of the shocb-mave 	 paw trIce 
= 7/5 
Noting from (2.12) that the temperature behind the shockwave 
is high if 1.1 *2 is large, it is often appropriate to use 
the values 
Y2 = r2 = 9/7 
which are appropriate to nir at elevated temperatures. 
If we define an 'intense shock rave' as being the 
limiting fon given by t-king i12.1 cf24w, and adopting the 
olove numerical values, we find that 
1 	 . 2 
= 
cos 11,  + 77
4 
 sin 
1 	 64. cote* 
9 
-7 	 a 	 . 2 
P2 	 = 	 P1 ql 
and 
tan & = 	 7 tar.:.  
84-tane 1fr 
siva x = 	 8 tan-I 	 12 	 51° aprrox. 2.  
tit = Lan-1  u max 
1 
J 
2019) 
Tie note tha'c, if 8 = = 1 	 so that in general 
max 	 -2 
1. 
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